Introduction
Tilted disc syndrome (TDS) has been thought to be a congenital anomaly caused by an incomplete closure of the fetal fissure of the eye, and it occurs in 1 to 2% of the populations. [1] [2] [3] [4] [5] The ophthalmic features of TDS include an inferonasal tilting of the optic disc, the presence of an inferior or inferonasal crescent, myopia, astigmatism, and an ectasia of the lower fundus or inferior staphyloma. [1] [2] [3] [4] [5] Ectasia of the lower fundus or an inferior staphyloma is seen in 72 to 90% of TDS cases. 1, 6 Young and associates examined one autopsy eye histologically and reported that the sclera appeared thinner below than above, suggesting an inferior ectasia. 7 The optic disc abnormalities in TDS have been mainly analyzed by ophthalmoscopic examinations. A PubMed search using keywords 'tilted disc' and 'optical coherence tomography (OCT)' on 2 October 2012 extracted 13 articles. However, after excluding the myopic disc tilt, only seven studies examined TDS by OCT. [8] [9] [10] [11] [12] [13] [14] The purpose of OCT examination in six of these studies was limited to measuring the thickness of the peripapillary retinal nerve fiber layer or to analyzing the macular pathologies, for example, serous retinal detachment and choroidal neovascularization. It was not possible to observe the deeper structures within the optic nerve or the deeper tissues of the eye by conventional OCT.
The recent advancements in OCT instruments have enabled clinicians to examine the deeper structures of the eye. [15] [16] [17] [18] The swept-source OCT has the capability of obtaining images of deeper structures, and this ability is made possible by using a wavelength-sweeping laser as the light source. 19 A PubMed search identified two articles examining the shape of the eye with TDS in situ. 20, 21 However, only one case was examined in each of these two studies, and conventional two-dimensional (2D) magnetic resonance imaging (MRI) was used. B-mode ultrasonography has also been used to detect the presence of inferior staphylomas in eyes with TDS, 22 however, the area that can be observed by ultrasonography is limited.
Recently, three-dimensional (3D) MRI has been shown to have the ability to obtain 3D images of human tissues, and we reported the characteristics of the shape of eyes with pathologic myopia obtained by 3D MRI analyses. 23 By modifying the signal intensity, it was also possible to view the retrobulbar optic nerve and the entire eye simultaneously. 23, 24 Thus, the purpose of this study was to evaluate the deeper structures of the optic nerve and also to measure the depth and distribution of inferior staphylomas in non-highly myopic and highly myopic eyes with TDS. To accomplish this, we examined highly myopic and non-myopic eyes with TDS by swept-source OCT. We also performed 3D MRI analyses to determine the shape of the eyes with TDS and analyzed an association between the eye shape and the attachment site of the optic nerve in patients with TDS.
Materials and methods
The procedures used in this research adhered to the tenets of the Declaration of Helsinki, and approval of the procedures used was obtained from the Ethics Committee of the Tokyo Medical and Dental University.
The medical records of patients with TDS who had an examination of the optic disc by swept-source OCT and stereoscopic fundus examinations were reviewed. All the patients were examined between January 2011 and August 2012. The diagnosis of TDS was made by stereoscopic fundus examination with an agreement of three of the authors (KS, KO-M, and MM). A diagnosis of TDS was made when the upper edge of the optic disc protruded anteriorly relative to its lower edge on stereoscopic fundus photographs (AFC-210, NIDEK Co., Ltd, Gamagori, Japan). 25 The patients with TDS and high myopia were analyzed separately from those without high myopia. The definition of high myopia was an axial length 426.5 mm. All patients underwent comprehensive ophthalmic examinations including measurements of the refractive error, axial length with the IOL Master (Carl Zeiss Meditec, Jena, Germany), dilated fundus examination, stereo fundus photography, and swept-source OCT. Fourteen of the patients were examined by 3D MRI.
Swept-source OCT examinations
All the eyes were examined with a swept-source OCT prototype instrument manufactured by Topcon Corporation (Tokyo, Japan). This OCT system has an A-scan repetition rate of 100 000 Hz, and its light source operates in the 1 mm wavelength region. The light source is a wavelength tunable laser centered at 1050 nm with a 100 nm tuning range. The axial resolution was measured to be 8 mm, the lateral resolution was 20 mm, and the imaging depth was 2.3 mm in tissues. Radial scans consisting of 12 equal meridian scans (scan length; 12 mm) centered on the optic disc were performed in all the 54 eyes. Also, the same radial scans centered on the fovea were performed in 24 eyes.
The most protruded part in the posterior fundus was identified in each of the 12 radial scans centered on the fovea, and the depth of the most protruded part from the foveal plane was measured in each scan as we reported (Supplementary Figure A) . 24 Then, the scan that had the most protruded part was determined. The distance of the most protruded point from the fovea, and the depth of the most protruded point from the foveal plane were measured with the caliper function of the built-in software of the OCT (Supplementary Figure B) .
3D high-resolution MRI
A MRI scanner (Signa HDxt 1.5T, version 15, GE Healthcare, Waukesha, WI, USA) was used with the following sequences. A fat suppressed T 2 -weighted cube, which is an improved sequence of 3D fast-spin-echo with the following parameters: 256 Â 256 matrix, 22 cm field of view, 1.2 mm slice thickness, repetition time 250 ms, echo time 90 ms, and echo train length 90. Volume renderings of the images were generated from high-resolution 3D data on a computer workstation (v. AW 4.4, GE Healthcare).
The margins of the globes were detected semiautomatically by the signal intensity, and the tissues around the globes were carefully removed. Then, the optic nerves were identified by increasing the intensity with a removal of the surrounding tissues from time-totime so that the optic nerves and the attachment sites were clearly observed. After obtaining the globes and the optic nerves, we evaluated the morphological features of the shape of eyes, site of attachment of the optic nerves to the globes, and how the optic nerves attach to the globes.
Statistical analyses
Student's t-tests were used to compare the average value of the distance and the depth of the most protruded point in the posterior segment from the central fovea. A P-value o0.05 was considered statistically significant.
Results
Fifty-four eyes of 36 patients with TDS were identified from their medical records and stereo fundus photographs. Among these 36 patients, 18 had bilateral TDS and the other 18 patients had unilateral TDS. There were 6 men and 30 women. The mean age of the patients was 68.0±11.5 years with a range of 43-88 years. The mean axial length of the eyes with TDS was 27.5±2.2 mm with a range of 23.3 to 32.1 mm, and the mean refractive error (spherical equivalent) was À 8.6 ± 4.3 D with a range of À 0.5 to À 16.0 D excluding 15 eyes with implanted intraocular lens. Thirty-eight eyes of 29 patients were highly myopic and 16 eyes of 15 patients were not highly myopic. The clinical characteristics of these patients are shown in Table 1 .
Swept-source OCT findings of optic disc
The OCT images of the optic discs in the eyes with TDS showed: a sloping of the lamina cribrosa posteriorly from the upper part to the lower part, a protrusion of the upper edge of Bruch's membrane and choroid, an elevation of the nerve fiber tissue at the upper margin of the optic disc ( Figure 1 ). The inner laminar surface could not be clearly observed in 25 eyes because the tilting was too steep. A sloping of the inner laminar surface was observed in 27 of the 29 eyes (Figures 1a and b) . At the upper edge of the optic disc, Bruch's membrane-choroid appeared to protrude toward the optic disc area ( Figures  1c and d ) in all the 54 eyes. The retinal nerve fiber tissue appeared to be herniated into the protruded Bruch's membrane and choroid in nine eyes (Figures 1c and d) . In 30 eyes, the retinal nerve fiber tissue at the superior edge of the optic disc was elevated and protruded into the vitreous (Figures 1e and f) . In addition to these features, an intrachoroidal cavitation (ICC) was detected at the lower optic disc in 13 of the 38 highly myopic eyes (34.2%; Figures 1g and h), but an ICC was not observed in any of the non-highly myopic eyes with TDS. The OCT findings in eyes with TDS with and without high myopia are summarized in Table 2 .
Identification of most protruded point in eyes with inferior staphyloma
The 12 radial scans centered on the fovea delineated the curvature of the inner scleral surface precisely as we have reported. 24 The 12 radial scans centered on the fovea were obtained from 24 of 54 eyes, and the distance between the most protruded part and the fovea and the depth of the most protruded point from the foveal plane were identified in these 24 eyes. Nine of the 24 eyes were not highly myopic and the remaining 15 eyes were highly myopic. The clinical characteristics and the values of the most protruded point in both groups are shown in Table 3 .
The most protruded point existed along the vertical section across the fovea in 11 eyes and existed 15 degrees inferotemporal to the fovea in the remaining eyes. The average distance between the most protruded point and the fovea was 3497.4±763.3 mm with a range of 2237-4473 mm in 9 non-highly myopic eyes, and Abbreviations: D, diopter; MRI, magnetic resonance imaging; SD, standard deviation; TDS, tilted disc syndrome; y/o, years old.
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Eye 2451.2 ± 691.5 mm with a range 1195-4290 mm in 15 highly myopic eyes. Similarly, the average depth of the most protruded point from the foveal plane was 935.8 ± 396.8 mm with a range of 537-1730 mm in the 9 non-highly myopic eyes and 611.5 ± 284.4 mm with a range of 207-1100 mm in the 15 highly myopic eyes. The differences in the distance and the depth of the most protruded point from the fovea between highly myopic and non-highly myopic TDS eyes were significant (Student's t-tests, P ¼ 0.002 for distance; P ¼ 0.03 for depth; Table 3 ).
Analysis of eye shape and attachment site of optic nerve to eye in 3D MRI Eyes without TDS. There were 28 eyes (14 patients) that were examined by 3D MRI. There were six patients with unilateral TDS, and the fellow eyes of these six patients were used as controls without TDS. The mean axial length of these six eyes without TDS was 25.4 ± 2.7 mm with a range of 22.7 to 29.9 mm, and the mean refractive error was À 1.0±2.8 D with a range of þ 2.0 to À 3.5 D.
As we reported, in emmetropic eyes without any ophthalmic abnormalities, 3D MR imaging showed that the posterior segment of the eyes was almost hemispheric in shape without protrusions. 23 The attachment site of the optic nerve was slightly nasal from the center of posterior segment, and the optic nerve was attached perpendicularly to the globes. The curvature of the attachment site of the optic nerve was vertically straight when the globe was viewed from the nasal side.
In the six eyes without TDS, two eyes were highly myopic and the remaining four eyes were emmetropic without any ophthalmic abnormalities. The 3D MR images of the four emmetropic eyes appeared to be approximately the same as that of normal emmetropic eyes (Figures 2a and b) . In the other two eyes with high myopia, one eye had a protrusion along the visual axis and the other one eye had a protrusion in the lower part of posterior segment. Regardless of the location of protrusion area, the attachment site of the optic nerves was within the protrusion, and the optic nerve was attached perpendicularly to the globes (Figures 2c and d) .
The curvature of the attachment site of the optic nerve was vertically straight when the globe was viewed from the nasal side. Eyes with TDS. The 3D MR images of 22 eyes with TDS were then analyzed. Among the 22 eyes, 14 eyes were highly myopic and 8 eyes were not highly myopic. All of the 22 eyes had common features of the shape of the globes and attachment site of the optic nerves regardless of being highly myopic or not. The lower part of the posterior segment was protruded, and the optic nerves attached at the upper nasal edge of the protrusion (Figures 2e and f) . In all the 22 TDS eyes, the attachment site of the optic nerve was oblique when viewed from the nasal side. The lower half of the globe had a completely different curvature from the upper half of the eye in eyes with TDS (Figure 2e ). Although the lower boundary of a staphyloma is usually apparent by 3D MRI in highly myopic eyes without TDS (Figure 2d ), the expansion of lower globe is so extensive in the eyes with TDS that the Swept-source OCT and 3D MRI findings of tilted disc syndrome K Shinohara et al
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Eye lower boundary of inferior staphyloma was not clearly seen (Figures 2e and f) .
Conclusion
Swept-source OCT examinations of the optic nerve in eyes with TDS showed various abnormalities, which appeared to be specific to TDS. First, the lamina cribrosa sloped posteriorly from the upper part to the lower part in most of the eyes with TDS (Figure 1b , lamina is visible by OCT). The lamina cribrosa is a part of the scleral tissue, and the principal part of the lamina cribrosa is formed by an extension of collagen bundles and elastic fibers from the inner two-thirds of the sclera across the optic nerve canal. 25 Jonas et al 26 reported that there was a significant correlation between the thickness of lamina cribrosa and the thickness of the peripapillary sclera. Considering these relationships, we can assume two possibilities. One possibility is that a sloping of the lamina cribrosa could affect the curvature of the peripapillary sclera, which might eventually progress to an inferior staphyloma. The other is that the sloping of the lamina cribrosa is a result of the protrusion of the lower globe.
Other OCT features of eyes with TDS were the protrusion of Bruch's membrane toward the optic nerve along its upper edge and the herniation of the retinal nerve fiber below the protruded Bruch's membrane and choroid (Figures 1c and d) . As a result of this herniation, the retinal nerve fiber appeared to be acutely bent along the upper margin of the optic nerve head. It is wellknown that the patients with TDS can develop visual field defects. 27 In most of the cases with TDS, the visual field defects were reduced or not present when corrective lenses are positioned corresponding to the floor of the ectatic fundus. Thus, these visual field defects are considered to be refractive scotomas. 25, 28 However, it has also been reported that some visual field defects were not improved by an increase in the myopic correction. 28 Although the mechanism causing the visual field defects that were not improved by increased myopic correction has not been determined, it is possible that it is due to the severe bending of the retinal nerve fiber tissue, which would impair axonal flow. We did not thoroughly analyze the visual field in this study, so more comprehensive studies are necessary to determine this hypothesis.
An ICC was observed in 34.2% (13 of 38 eyes) of the highly myopic eyes with TDS. We have reported that an ICC was present in 5% of highly myopic eyes. 29 In addition, using EDI-OCT and swept-source OCT, we recently reported that the development of an ICC was accompanied by a stretching and defects of the border tissues of Jacoby. 30 ICCs almost always develop inferior to the optic disc, and even in large ICCs around the optic disc, the area inferior to the optic disc is always involved. 29 Considering the high incidence of ICCs in highly myopic TDS eyes, and the strong tendency of ICCs to develop inferiorly, the border tissue of Jacoby might be stretched and disrupted more easily in highly myopic eyes especially when they are associated with TDS. The tilting of the optic disc inferiorly can probably The lower half of the globe has a completely different curvature from the upper half of the eye (e). The expansion of lower globe is wide and the lower boundary of the inferior staphyloma is not obvious (f). The optic nerve is attached along the upper edge of posterior protrusion and the curvature of the attachment site of the optic nerve is oblique when the globe is viewed from the nasal side (e, f arrow). N, nasal; T, temporal.
accelerate the damage of the border tissues resulting in ICC formation.
Our 3D MRI analyses showed that the shape of eyes with TDS was asymmetrical between the upper and lower halves of the globe (Figure 2e) . The posterior bulge of the inferior staphyloma was so extensive that the lower boundary of inferior staphyloma was not clearly recognized in the 3D MR images (Figures 2e and f) . On the other hand, in highly myopic eyes without TDS, the area of the posterior staphyloma was smaller and the lower boundary was easily identified (Figure 2d ). These findings suggest that the eye deformities caused by TDS affect a wider area of the globe than the eye deformities in highly myopic eyes without TDS.
The measurements of the swept-source OCT images showed that the most protruded point in the posterior fundus was significantly more posterior and farther from the fovea in eyes with non-highly myopic TDS than those with highly myopic TDS. These findings suggest that in eyes with highly myopic TDS, the protrusion of the lower globe include the fovea whereas it mainly occurs below the fovea in eyes with non-highly myopic TDS. When the fovea is not included in the protrusion of the lower globe and is not posteriorly dislocated, their axial length is not so long.
Our previous studies showed that even in highly myopic eyes without apparent features of TDS, the inferior sclera still tends to expand more than the other areas. 23, 24 This suggests similarities in the developmental mechanism of eye deformities in eyes with TDS and with high myopia.
TDS is generally considered a congenital anomaly, which is due to a partial non-closure of the embryonic fissure. 1 However, owing to a lack of long follow-up data from childhood, it is unclear whether both the disc anomalies and inferior staphylomas co-exist at birth or whether the inferior staphyloma develops or deepens later in life. Although we have shown that the lamina cribrosa sloped posteriorly in the swept-source OCT images, it is not clear if this sloping of the lamina is a cause or a result or just a complication of an inferior staphyloma. Inferring from the similarities of the deformities in eyes with TDS and eyes with high myopia without TDS, the essential pathology of TDS might be a posterior bulge involving a wide area of inferior globe. The appearance of the optic disc might be influenced only by the relationship between the attachment site of the optic nerve and the upper edge of posterior bulge. These points need to be evaluated in a long-term longitudinal follow-up studies.
There are several limitations in this study. The number of the patients was not large especially the non-highly myopic eyes with TDS. The optic disc was examined by swept-source OCT in all the patients but the area centered on the fovea was not examined in all the patients. Not all the eyes with TDS were examined by 3D MRI. We carefully diagnosed TDS by a definition based on stereoscopic fundus photographs and the classification was determined by the agreement of three authors. However, it might be difficult to exclude the possibility that the myopic disc tilt (usually temporal or lower-temporal direction) because of high myopia was misdiagnosed as TDS in highly myopic TDS groups. Despite these limitations, we believe that the analyses of the optic disc and posterior scleral curvature by swept-source OCT, and the analyses of the shape of the eye by 3D MRI have provided important evidence for the development of TDS and how it affects the optic nerve.
In conclusion, we investigated the abnormalities of the deep structures in the optic nerve by sweptsource OCT and also the shape of the eye by 3D MRI in eyes with TDS. Also, the eye deformity in the inferior fundus was common in both non-highly myopic TDS and highly myopic TDS. These informations should be useful in determining the pathogenesis of TDS.
Summary
What was known before K TDS has been mainly analyzed by ophthalmoscopic examinations, and characterized by an inferonasal tilting of the disc, presence of an inferior or inferonasal crescent, myopia, astigmatism, and ectasia of the lower fundus, also referred to as an inferior staphyloma. But the deeper structure of the optic nerve and entire eye shape have not been clarified.
What this study adds
K Swept-source OCT and 3D MRI can clearly show the various abnormalities in the optic nerve and shape of the entire eye in the eyes with TDS.
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1.
Your patient is a 65-year-old woman with TDS. Based on the medical record review by Shinohara and colleagues, which of the following statements about OCT findings of the optic disc is most likely correct?
A The lamina cribrosa slopes anteriorly from the upper part to the lower part. B
The lamina cribrosa slopes posteriorly from the lower part to the upper part. C There is protrusion of the lower edge of Bruch's membrane. D There is protrusion of the choroid.
2.
Based on the medical record review by Shinohara and colleagues, which of the following statements about eyes with non-highly myopic TDS compared with those with highly myopic TDS is most likely correct?
A Most of the eyes with TDS were not highly myopic. B
Compared with the eyes with highly myopic TDS, those with non-highly myopic TDS had significantly less distance of the most protruded point from the fovea. C Compared with the eyes with highly myopic TDS, those with non-highly myopic TDS had significantly less depth of the most protruded point from the fovea. D
The investigators concluded that the degree of myopia in eyes with TDS is determined by the positional relation between the fovea and the inferior protrusion.
3.
Which of the following statements about 3D MRI findings of the optic disc in eyes with TDS is most likely correct?
A The lower part of the posterior segment is protruded inward. B
The upper part of the posterior segment is protruded outward. C Findings suggest that the essential pathology of TDS is a deformity of the inferior globe below the optic nerve. D
The optic nerves are attached at the lower nasal edge of the protrusion. 
